Objectives: The aims of this preliminary study were to determine the number of axonal bundles (fascicles) in the median nerve, 1 using a high-resolution, proton density (PD)-turbo spin echo (TSE) fat suppression sequence, and to determine normative T 2 values, measured by triple-echo steady state, of the median nerve in healthy volunteers and in patients with idiopathic carpal tunnel syndrome (CTS), at 7 T. 2 Materials and Methods: This prospective study was approved by the local ethics committee and conducted between March 2014 and January 2015. All study participants gave written informed consent. Six healthy volunteers (30 ± 12 years) and 5 patients with CTS (44 ± 16 years) were included. Measurements were performed on both wrists in all volunteers and on the affected wrist in patients (3 right, 2 left). Based on 5-point scales, 2 readers assessed image quality (1, very poor; 5, very good) and the presence of artifacts that might have a possible influence on fascicle determination (1, severe artifacts; 5, no artifacts) and counted the number of fascicles independently on the PD-TSE sequences. Furthermore, T 2 values by region of interest analysis were assessed. Student t tests, a hierarchic linear model, and intraclass correlation coefficients (ICCs) were used for statistical analysis. Results: Proton density-TSE image quality and artifacts revealed a median of 5 in healthy volunteers and 4 in patients with CTS for both readers. Fascicle count of the median nerve ranged from 13 to 23 in all subjects, with an ICC of 0.87 (95% confidence interval [CI], 0.67-0.95). T 2 values were significantly higher (P = 0.023) in patients (24.27 ± 0.97 milliseconds [95% CI,) compared with healthy volunteers (21.01 ± 0.65 milliseconds [95% CI,). The ICC for all T 2 values was 0.97 (95% CI, 0.96-0.98).
Magnetic resonance (MR) neurography at current clinical field strengths (eg, 1.5 T or 3 T) has shown excellent anatomical capabilities. 3 However, the full identification of the ultrastructural components of peripheral nerves is challenging and not possible in all cases.
Ultrahigh-field (UHF) strength in combination with a recently developed 12-channel wrist coil 4 offers unique possibilities to overcome some limitations in MR neurography. Thus, visualization of the level of the axonal bundle (fascicle) seems to be feasible due to the high signal-to-noise ratio at 7 T. 4 To date, only ex vivo studies 5, 6 and a few in vivo case reports 7, 8 have revealed neuronal constituents at this level.
The depiction of individual fascicles (ranging from 12 to 27 in histological sections 9 ) may help to distinguish between injuries that require surgery early in the postoperative phase. 10, 11 This may enable the surgeon to align fascicles in the correct orientation to match transplants and, thus, reduce postoperative morbidity, 12 or could enhance diagnostic performance for selective fascicular involvement in focal nerve lesions. 13 Furthermore, in addition to diffusion tensor imaging 14, 15 and a few reports in the literature about T 1 and T 2 tissue characterization and magnetization transfer, [16] [17] [18] quantitative tissue characterization, which reflects the properties of biological tissues at a submicroscopic level, has, to date, played a minor role in nerve tissue evaluation. T 2 mapping is sensitive to the water microenvironment that reflects the biological properties of nerve tissue. It provides quantification of the increased T 2 signal in pathological nerves and may, therefore, offer potential in diagnosis and disease control of nerve entrapment syndromes, inflammatory nerve pathologies, nerve regeneration, or follow-up.
A recently introduced 3-dimensional (3D) triple-echo steadystate (TESS) relaxometry technique has been proposed for rapid T 1 and T 2 quantification. 19 Compared with the previously used multiecho spin echo (SE) sequences or conventional steady-state free precession sequences, [20] [21] [22] TESS provides multiple benefits, such as the rapid measurement of T 1 and T 2 rapidly in 1 single scan 19 and the fact that it is insensitive to B 1 inhomogeneities. 23 The investigation of the human median nerve is of clinical interest because it is affected by the most common entrapment neuropathy in the human body-carpal tunnel syndrome (CTS), 24, 25 with its relatively large size (~2-3 mm cross section) and superficial location at the wrist.
Therefore, the aims of this preliminary study were to determine the number of axonal bundles (fascicles) in the median nerve, using a high-resolution proton density (PD)-turbo SE (TSE) fat suppression sequence, 1 and to determine normative T 2 values, measured by TESS, of the median nerve in healthy volunteers and in patients with idiopathic CTS at 7 T. 2 
MATERIALS AND METHODS

Study Participants
This prospective study was approved by the local ethics committee of the Medical University of Vienna (EC-number 1865/2013) and was conducted between March 2014 and January 2015. All study participants gave written informed consent. Six healthy volunteers (3 female, 3 male; mean age, 30 years; age range, 22-42 years) and 5 patients with CTS (5 women; mean age, 44 years; age range, 28-54 years) were included in the study. Measurements were performed on the left and right wrist in all volunteers and on the affected wrist in patients (3 right, 2 left).
The healthy volunteers scanned were recruited from an established volunteer pool of the MR Centre of Excellence at the Medical University of Vienna.
Patients were recruited and examined in the outpatient clinic of Neurology at the Medical University of Vienna by a neurologist (D.L.S.) with special knowledge in electrodiagnostic testing. Inclusion criteria for patients were an age of at least 18 years and a diagnosis of CTS based on typical clinical history, symptoms, and signs (eg, numbness, [nightly] tingling, burning, or pain in at least 2 of the first, second, or third digits, palm pain, wrist pain, atrophy of the thenar muscle, positive Phalen or Hofmann-Tinel sign) as well as compatible electrodiagnostic findings. 26, 27 Exclusion criteria for all study participants were contraindications for MR imaging, pregnancy, central nervous system disorders, previous wrist injury or surgery, and endocrine, metabolic, neuromuscular, or relevant musculoskeletal disorders (such as rheumatoid arthritis, osteoarthritis, osteoporosis, or any form of myositis).
MR Examination
All participants underwent MR examinations on a 7 T wholebody investigational MR unit (Siemens, Erlangen, Germany) with a dedicated transmit/receive 12-channel wrist coil (RAPID Biomedical GmbH, Rimpar, Germany). 4 The transmit coil consisted of a completely shielded 24-leg bandpass birdcage with an inner diameter of 180 mm and a length of 210 mm. The birdcage was quadraturedriven using a quadrature hybrid rather than a transmit-receive switch. The receive array coil elements were distributed over a curved surface plate of 12 cm in length and 13 cm in breadth. Considering the depth of the region of interest (ROI) and the possibilities of parallel acquisitions, 12 elements of 35 Â 35 mm 2 in size were distributed. Neighboring elements were overlapped to minimize coupling between them, whereas the coupling between "next-nearest" elements was reduced by connecting the elements to low-impedance preamplifiers. The participants were placed in a prone position, with the arms elevated over the head (Superman position). Morphological imaging sequences and biochemical T 2 mapping MR imaging methods were used.
Coronal, sagittal, and axial 2-dimensional FLASH gradient echo sequences with fat suppression (repetition time (milliseconds)/echo time (milliseconds), 50/5.6; flip angle, 7 degrees; field of view, 120 Â 120 mm 2 ; matrix size, 444 Â 444; voxel size, 0.3 Â 0.3 Â 1 mm 3 ; number of slices, 3; acquisition time, 25 seconds) were acquired to identify anatomical structures and, thus, precisely define the course of the median nerve in the region of the wrist. Accordingly, the nerve was tangentially marked in its length in the sagittal and coronal planes and orthogonally in the axial plane.
The determined parameters, considering the nerve's course through the wrist, adapted the orientation of slicing in all 3 axes for the following axial PD-TSE sequence with fat suppression (repetition time milliseconds/echo time milliseconds, 4000/ 31; turbo factor, 6; flip angle, 180 degrees; field of view, 120 Â 72 mm 2 ; matrix size, 1024 Â 612; voxel size, 0.1 Â 0.1 Â 2.5 mm 3 ; number of slices, 10; acquisition time, 5 minutes 34 seconds) to allow an as much as possible orthogonal sectioning of the nerve in the axial plane for optimal countability of fascicles.
For biochemical assessment, an axial 3D TESS was used to generate T 2 images and calculate T 2 relaxation times of the median nerve. To enable short TR and, thus, mitigate possible susceptibility effects, the 3 steady-state free precession signal amplitudes were acquired within 3 consecutive TR intervals (each within 1 at the same echo time). 19 TESS imaging included the following parameters: repetition time (milliseconds)/echo time (milliseconds), 6.37/3.16; flip angle, 15 degrees; field of view, 160 Â 160 mm 2 ; matrix size, 320 Â 320 Â 18; voxel size, 0.5 Â 0.5 Â 2 mm 3 ; number of slices, 18; acquisition time, 5 minutes 44 seconds.
Data Processing Qualitative Diagnostic Image Quality Scores and Fascicle Count
Images were analyzed with Syngo MRVB 17 software (Siemens Healthcare, Erlangen, Germany). A board-certified radiologist with 22 years of experience in musculoskeletal imaging (S.T., reader 1) and a resident in radiology with 4 years of experience in musculoskeletal imaging (G.R., reader 2) interpreted all MR studies independently and were blinded to each other's results.
First, all PD-TSE images were assessed for image quality (eg, resolution, anatomical structure details) and the presence of artifacts that might have a possible influence on fascicle determination (eg, motion artifacts, ghosting artifacts). The overall image quality was rated using a 5-point scale as very good (5), good (4), average (3), poor (2), or very poor (1) . The presence of artifacts was scored on a 5-point scale: a score of 1 indicated severe artifacts (nondiagnostic); a score of 2 indicated severe artifacts, some fascicles visible (nondiagnostic), a score of 3 indicated moderate artifacts (limited diagnosis); a score of 4 indicated mild artifacts (little or no effect on diagnosis); and a score of 5 indicated no artifacts.
Second, the morphological appearance of 5 different nerve/ fascicle characteristics was assessed on 3-point scales as follows: nerve swelling (1, prominent; 2, present; 3, absent); fascicle swelling (1, prominent; 2, present; 3, absent); epineurium of the median nerve (defined as well-defined low signal intensity ring corresponding to the outer margin of the nerve) distinguishable (1, not distinguishable; 2, partly distinguishable; 3, distinguishable); subfascicular endoneurium (interlacing low signal intensity tissue within the fascicles) detectable (1, not detectable; 2, partly detectable; 3, detectable); and fascicle delineation (1, no; 2, almost; 3, clear).
Third, the readers counted the number of fascicles.
T 2 Assessment
Reader 1 and reader 2 assessed quantitative T 2 images. Both worked independently and were blinded to each other's results. In case of unclear findings (eg, borders of the nerve not distinguishable from surrounding tissue), both readers arrived at a consensus finding. T 2 values were calculated from raw T 2 images using Syngo MR VB 17 software. Every slice was evaluated separately. In the tab "Color lookup table," the "Rainbow 16 Bit" was chosen. The morphological PD-TSE slices that corresponded most closely to the T 2 map served as an anatomical reference. With respect to the cross-section of the nerve in the most closely corresponding morphological PD-TSE image, a freehand ROI was drawn carefully onto the T 2 maps. Consequently, the borders of the nerve were defined to determine the voxels that should have been included in the automatic T 2 calculation ( Fig. 1) . By adjusting the cross-sectional area of the T 2 map to the cross-sectional area determined in the morphological image, the voxels that best fit the shape of the nerve were included in the T 2 calculation. Thus, T 2 values reflected not only the proper nerve fibers and fascicles, but also the nerve in its entire composition, most importantly including the characteristic connective tissue layers, such as the endoneurium, perineurium, and epineurium. For further analysis, 2 different anatomical regions were defined. One region was outside the carpal tunnel at the level of the radioulnar joint, and one was inside the tunnel at the level of the pisiform bone. The TESS sequence resulted in 18 slices per wrist. Two slices at the proximal and distal end of the imaged nerve were excluded for evaluation to avoid measurement errors due to possible artifacts. In total, 14 slices were analyzed, resulting in a total of 238 possible T 2 maps for healthy volunteers (168 T 2 maps) and patients (70 T 2 maps). In total, of the 238 possible ROIs, 26 (20 in healthy volunteers; 6 in patients) were not evaluable because the nerve was not clearly distinguishable from the surrounding tissue. Therefore, 148 T 2 maps (88%) in healthy volunteers and 64 (91%) in patients were useful for analysis. T 2 values were assessed on all 168 T 2 maps. Metric data, such as T 2 values or fascicle counts, are presented as mean ± standard deviation. For qualitative diagnostic image quality scores, median, minimum, and maximum were used. Percentage of agreement and a κ value were calculated to assess rater agreement and interobserver variability for qualitative diagnostic image quality scores. A κ value of 0.81 to 1.00 indicated excellent agreement; a κ value of 0.61 to 0.80, substantial agreement; a κ value of 0.41 to 0.60, moderate agreement; a κ value of 0.21 to 0.40, fair agreement; and a κ value of 0.00 to 0.20, slight agreement. Fascicle counts are presented as a range (minimum to maximum). A statistical power estimation for T 2 values was performed. To take multiple measures into account, a hierarchic linear model was used to compare T 2 values between patients and healthy volunteers over the whole nerve and in 2 anatomic regions (radioulnar joint and pisiform bone). Calculations were performed with 3 different types of covariance matrices: (a) assuming compound symmetry, (b) unstructured, and (c) AR1. As the unstructured model showed the best model fit (using Bayesian Information Criterion), these results are presented. To compare differences between the left and right median nerve in healthy volunteers, a paired Student t test was performed. Two-way mixed intraclass correlation coefficients (ICCs) and their 95% confidence intervals (CIs) were used as an index of rater agreement. Intraclass correlation coefficients were interpreted according to the criteria of Landis and Koch 28 : an ICC of 0.01 to 0.20 indicated slight agreement; an ICC of 0.21 to 0.40, fair agreement; an Figure 1 shows a table of all qualitative diagnostic image quality scores of the high-resolution morphological PD-TSE images, the κ values, and percentage of agreement (Table 1) . Comprehensive results of the fascicle counts are presented in Table 2 . The fascicle count of the median nerve ranged from 13 to 23 in all subjects. The ICC for fascicle counts was 0.87 (95% CI, 0.67-0.95) for all subjects, indicating an almost perfect agreement. Visualized examples of evaluated slices in healthy volunteers and in patients with CTS are shown in Figure 2 .
Statistical Analysis
RESULTS
Qualitative Diagnostic Image Quality Scores and Fascicle Count
T 2 Assessment
Statistical power for T 2 values was 90%. T 2 values of the median nerve at the level of the wrist resulted in a mean of 21.01 ± 0.65 milliseconds (95% CI, 19.61-22.41) in healthy volunteers. The right median nerve revealed a mean T 2 value of 20.83 ± 1.78 milliseconds (95% CI, 18.62-23.04) and the left median nerve a mean T 2 value of 21.17 ± 2.14 milliseconds (95% CI, 18.52-23.82). There were no statistically significant differences between the right and left median nerve (P = 0.655). T 2 values of the median nerve in patients with CTS were 24.27 ± 0.97 milliseconds (95% CI, 22.19-26.38). T 2 values in patients were significantly higher compared with those in healthy volunteers (P = 0.023). Figure 3 shows an example of a T 2 map of a healthy volunteer and a patient with CTS. Figure 4 shows box plots of T 2 values at 2 different anatomical locations (radioulnar joint and pisiform bone). T 2 values at the level of the radioulnar joint were 19.16 ± 0.57 milliseconds (95% CI, 17.94-20.37) in healthy volunteers and 22.36 ± 0.83 milliseconds (95% CI, 20.54-24.19) in patients, indicating statistically significantly higher values in patients with CTS (P = 0.008) compared with healthy volunteers. T 2 values at the level of the pisiform bone were 20.74 ± 1.04 milliseconds (95% CI, 18.48-22.99) in healthy volunteers and 28.14 ± 1.73 milliseconds (95% CI, 24.39-31.89) in patients, indicating statistically significantly higher values in patients with CTS (P = 0.003) compared with healthy volunteers. Notably, the increase of T 2 values in patients with CTS compared with that of healthy volunteers was even more pronounced at the level of the pisiform bone (within the carpal tunnel) in contrast to those at the level of the radioulnar joint.
The ICC for T 2 values of the median nerve over its entire course was 0.97 (95% CI, 0.96-0.98) in all study participants, 0.95 (95% CI, 0.93-0.96) for healthy volunteers, and 0.97 (95% CI, 
DISCUSSION
Our study demonstrated the feasibility of the visualization and quantification of the ultrastructural components of the median nerve at the axonal bundle level, and the ability to perform rapid quantification of T 2 relaxation times of the median nerve at the level of the wrist at 7 T, in healthy volunteers and in patients with CTS. Fascicle count, in these subjects, revealed an ICC of 0.87, indicating an almost perfect agreement between raters that enabled a quantification with only slight imprecision. In healthy volunteers, the fascicle count of our study revealed results comparable to those of the anatomical standard of reference used, 9 whereas in patients with CTS, the fascicle count slightly diminished. Notably, overall scan time was approximately 12 minutes, representing a clinically acceptable measurement time for morphological and biochemical evaluation of the median nerve tissue at the wrist.
Interestingly, the median nerve has, thus far, not been a primary focus of interest for in vivo imaging at UHF strengths, either in healthy volunteers or in patients with CTS. A few studies, with high-resolution imaging of the wrist as their study goal, could identify some individual fascicles as small foci of intermediate signal intensity at UHF strengths up to 8 T. 7, 8 The potential of multichannel phased array coils to further improve image quality in images of the wrist was shown by Chang and colleagues. 7 Some fascicles were distinguishable, but because of the fact that this protocol was not exclusively optimized for the depiction of the median nerve, no further statement with regard to the fascicle number was possible.
Bilgen et al 5 and Heddings et al 6 in ex vivo studies at 9.4 T demonstrated excellent delineation of nerve tissue at UHF strength. In both studies, it was possible to distinguish fascicles, the interfascicular epineurium, the perineurium, and even intrafascicular septations. It is of further note that the second echo in the multislice dual-echo scan, having a longer TE and obtaining T 2 contrast, provided some benefits compared with the shorter TE PD-weighted image. Longer TE obviously enhances the perineurium signal circumferentially surrounding the fascicle and improves the image contrast within the fascicles. In our study, we used a TE of 31 milliseconds to accommodate this knowledge and to produce an optimal signal for fascicle depiction.
In contrast to these cadaver studies, our in vivo study showed some signal characteristics different than those of the median nerve. The whole fascicle revealed a brighter signal; consequently, the bundles of nerve fibers within the endoneurium were not as clearly visible as in cadaver studies. Furthermore, the perineurium surrounding each fascicle did not show as bright a signal as in the aforementioned ex vivo studies, but was clearly detectable in most cases. We think that this difference is mainly explainable by the different physiological conditions in vivo and ex vivo, such as blood supply and the different water content of the median nerve, so the direct comparison of data is limited by these factors. Furthermore, it has to be pointed out that, in our study in patients with CTS, the number of fascicles decreased, indicating that some fascicles were no longer detectable, mainly because of the swelling of the whole nerve. Nevertheless, we think that the high-resolution obtained in this study may enhance the noninvasive assessment of acute peripheral nerve injuries, 10, 11 and therefore, enhance the outcome of a potential surgical procedure and decrease perisurgical and postsurgical complications, such as iatrogenic nerve tissue trauma, neuroma in continuity formation, or intraneural fibrosis. 29 Nevertheless, further studies to enhance MR imaging techniques and coils are needed to reliably answer these questions.
Moreover, visualization of individual fascicles may enhance diagnostic capabilities where certain fascicles of a nerve and not the whole nerve are affected (eg, the anterior interosseous nerve syndrome, neuritis, or tumor infiltration of individual fascicles) or may further improve surgical planning for difficult anatomical conditions (eg, tumor excision with nerve/fascicle involvement). 12, 13 This is the first study to assess the feasibility of investigating the median nerve with T 2 mapping using a 3D TESS at 7 T. Furthermore, the quantification of T 2 relaxation times with 3D TESS, thus far performed only in cartilage, 19 was first applied to peripheral nerve structures. High-resolution morphological imaging and T 2 mapping of the median nerve were performed with a dedicated 12-channel receive/ transmit array coil that facilitated signal acquisition with high signal to noise ratio at 7 T. The highest number of channels when using multichannel array coils thus far was a 4-channel transmit/8-channel receive coil. 7, 30 Assessment of T 2 time is a quantitative method by which to characterize tissue properties, especially the interaction of water protons on a cellular level. 23 To the best of our knowledge, only 2 studies of median nerve T 2 mapping at 3 T 17 and 7 T 18 exist. Moreover, data about T 2 values in patients with CTS are not available as yet.
Mean values of T 2 relaxation times, acquired with TESS (21.01 ± 0.65 milliseconds) in healthy volunteers, were in good agreement with those acquired with the reference single-echo SE approach at 7 T (18.3 ± 1.9 milliseconds). 18 Nevertheless, a valid comparison between both techniques requires measurements on the same patients, which was not the primary goal of this study.
The ultimate goal of establishing normative T 2 values is to have a reference standard and to compare normative and abnormal values. In our study, we found a significant increase (P = 0.023) of mean T 2 values for nerves affected by CTS compared with healthy nerves. Although our study samples were not age matched, this increase was depicted in our younger patients as well as our older patients, and is mainly influenced by the severity of CTS and not by the age of the patient. For example, the youngest person with CTS in our study (28 years) had a T 2 value of 26.76 milliseconds, and the oldest (54 years) had 26.52 milliseconds. In most cases, the compression of nerves occurs gradually over time, as a result of increased pressure at sites of anatomic narrowing through which nerves pass. Chronic nerve compression, to a certain degree, does not damage the axon itself, but it is a process of demyelination followed by remyelination of axons if regeneration occurs. [31] [32] [33] Webb and colleagues 34 demonstrated that this process is detectable with multicomponent T 2 mapping in crushed sciatic nerves in male Lewis rats, which was also confirmed by histomorphometric findings. Those authors found a clearly marked primary decrease of the short T 2 component and an increase of the intermediate and long T 2 component (the sciatic nerve has 3 T 2 relaxation time components) in cases of demyelination, which was followed by the inverse behavior in cases of remyelination. The T 2 relaxation times of the median nerve have a bimodal signal behavior, as shown by the multiecho SE technique at 3 T with a short T 2 component (26 ± 2 milliseconds), accounting for 80% of the signal intensity, and a smaller long T 2 component (96 ± 3 milliseconds) that accounts for 20% of the signal intensity. 18 The authors stated that the long T 2 value is close to the T 2 of white matter at 3 T (80 milliseconds); thus, it may originate from the intra-axonal water protons of the median nerve. The short component likely derived from spatial compartmentalization of water into myelin and connective tissue because both are characterized by short T 2 values (30-36 milliseconds). Considering the pathophysiology of chronic nerve compression and multicomponent T 2 mapping of median nerve tissue, we hypothesize that, in cases of CTS, the elongation of T 2 relaxation is mainly influenced by the increase of interaxonal and axonal water, and the decreased amount of myelin. This is of particular interest in differentiating between pathologies that have the potential to spontaneously regenerate and nerves that do not, and therefore, require further therapy. Triple-echo steady-state measures the results of both T 2 components in median nerve tissue but does not distinguish between them. However, we think it could be possible to indirectly observe the pathophysiology of CTS with TESS by measuring the resulting T 2 . To address these questions, future studies need to focus on assessing normative and pathological nerve T 2 values, to extract multiple relaxation components associated with the microscopic compartmentalization of water in tissue that might reflect important structural properties of nerves, 35, 36 and to match these findings with TESS. If possible, TESS could be a key player in introducing time-efficient T 2 mapping of the median nerve into routine clinical protocols. Triple-echo steady-state was found to be a rapid and precise sequence with which to measure T 2 relaxation times, as it is insensitive to B 0 inhomogeneities and was not affected by either B 1 field errors or by a dependency on T 1 relaxation times. The advantage of the TESS sequence could be seen in the short acquisition time and the possibility to further obtain T 1 relaxation times. 37 The main limitation of this study is that only a relatively small number of patients were investigated. Further studies will be required to address this issue, as well as the reproducibility over time. Nevertheless, the results obtained in the current study are already statistically significant and may serve as baseline values in healthy volunteers and patients with CTS at 7 T.
In conclusion, this study shows the possibility of fascicle determination of the median nerve in healthy volunteers and patients with CTS (although probably less accurately) with high-resolution 7 T MR imaging, as well as significantly higher T 2 values in patients with CTS, which seem to be associated with pathophysiological nerve changes.
